For the neuron in Figure 2 , the phasic visual response simplest solution would be to select the object that is ("gross visual response," see Experimental Procedures) physically the most conspicuous among all (Itti and was larger in the RF-rewarded condition (top left) than in the nonRF-rewarded condition (top right) (Mann-Whitney U test, p Ͻ 0.01). There was no significant change *Correspondence: oh@lsr.nei.nih.gov ever, the increase seemed dependent on the preceding anticipatory activity. Interestingly, the anticipatory activity was present in the RF-rewarded condition (left) but not in the nonRF-rewarded condition (right). In other words, although the "net visual response" (see Experimental Procedures) showed no significant change, the "gross visual response" increased in the RF-rewarded condition because the "base activity" increased (MannWhitney U test, p Ͻ 0.01). In this neuron, then, the level of the visual response to the RF stimulus was influenced by the reward-oriented anticipatory bias. The neuron was thus classified as "bias type." The neuron in Figure 4 showed both effects: both the net visual response and the base activity were higher, and consequently, the gross visual response was higher in the RF-rewarded condition (left) than in the nonRFrewarded condition (right). This neuron, then, would be classified as "gain and bias type."
The reward-contingent increase of the visual response was quite common among SC neurons. Among 156 cue-responsive neurons, 56 (36%) showed significantly higher activity in the RF-rewarded condition than in the nonRF-rewarded condition (Mann-Whitney U test, p Ͻ 0.01). In other words, the visual response was posi- 
tom row).
To examine whether the three types of reward-modulated neurons form distinct classes, we made a scatin the "base activity" (mean firing rate in a peri-cue terplot based on the net visual response (ordinate) and period, see Experimental Procedures). In this neuron, the base activity (abscissa) for each neuron ( Figure 6A ). then, the gain of the visual response to the RF stimulus The base activity was generally high for bias type neuincreased with reward. The neuron was thus classified rons, low for gain type neurons, and intermediate for as "gain type" (see Experimental Procedures). gain and bias type neurons. On the other hand, there The gross visual response of the neuron in Figure 3 was no clear difference in the net visual responses was also larger in the RF-rewarded condition (top left) among these types. To illustrate the reward-dependent nature of the net visual response and the base activity, than in the nonRF-rewarded condition (top right). How- we subtracted the activity in the nonrewarded condition saccadic activity ( Figure 7C ). On the other hand, most reward-modulated neurons were distributed below 500 from the activity in the rewarded condition for each neuron ( Figure 6B ). For the bias type, the reward modulam, where saccadic activity became comparable to or stronger than visual responses. In fact, most rewardtion occurred mostly for the base activity; for the gain type, the reward modulation occurred for the net visual modulated neurons also showed presaccadic activity (overall: 46/56, 82%; gain type: 11/18, 61%; bias type: response. However, we found no clear segregation between these types of neurons in either scatterplot. The 23/24, 96%; gain and bias type: 12/14, 86%). Some of them, especially bias type neurons, also showed prelude gain and bias type appear to bridge the gain type and the bias type. activity (Ͼ20 spikes/s 200-100 ms before saccade onset) (overall: 12/46, 26%; gain type: 1/11, 9%; bias type: We found that neurons with and without reward modulation were differentially distributed in the SC (Figure 7) . 10/23, 43%; gain and bias type: 1/12, 8%). On the other hand, presaccadic activity in nonmodulated neurons In Figure 7A , we plotted the reward modulation index of each neuron (abscissa) according to its depth in the was less common (68/100, 68%) and a small number of them showed prelude activity (5/68, 7%). SC (ordinate). Positive or negative reward modulation is indicated by, respectively, a positive or negative value. The data in Figure 7A are summarized in Figure 7B as Discussion frequency histograms relative to depth, separately for the nonmodulated type and the modulated types (gain, Using an asymmetrically rewarded version of the memory-guided saccade task, we demonstrated that the vibias, and gain and bias type). In the upper part of the SC (0-500 m), most of the visually responsive neurons sual response of SC neurons often increased when a cue stimulus indicated an upcoming reward. There were were of the nonmodulated type. This part corresponded to the superficial layer where few neurons showed pretwo types of increase: one due to a change in the gain of the visual response to the RF stimulus (gain type) and berg and Wurtz (1972). They found that visual responses of SC neurons were often enhanced when the monkey the other due to a bias in the level of anticipatory activity before cue onset (bias type). However, these two types was about to make a saccade to the stimulus. Kojima et al. (1996) found that some SC neurons showed inof reward modulation do not seem to be expressed by distinct groups of SC neurons, since a considerable creased visual responses when only covert attention was deployed. In both cases, the enhancement seemed number of neurons showed both effects (gain and bias type) and there was no clear clustering in the scatto reflect a genuine increase in the phasic visual response, similar to the gain type in our study. terplots of neuronal activities (Figure 6 ).
The gain effect has been described in previous studies In addition to the gain effect, we observed a new type of increase-the bias type. Pre-cue anticipatory activity (Goldberg and Wurtz, 1972 
1971) and neurons that exhibit prelude or buildup activity
The order of two blocks was randomized across neurons. We usually (buildup neurons) (Munoz and Wurtz, 1995) which is repeated the two blocks to confirm the reliability of the data.
often followed by a presaccadic burst (prelude bursters) (Glimcher and Sparks, 1992). We found that bias type rewarded condition, the neuron was judged to be reward modulated and was further classified into the following three types. (2) Gain Behavioral Tasks type: the gross visual response was significantly larger in the RFThe monkey sat in a primate chair in a dimly lit and sound attenuated rewarded condition than in the nonRF-rewarded condition, while room with his head fixed. In front of him was a tangent screen onto the base activity was not significantly different between the two which small red spots of light were backprojected using two LED conditions. (3) Bias type: the base activity was significantly larger projectors. We trained monkeys to perform a memory-guided sacin the RF-rewarded condition than in the nonRF-rewarded condition, cade task with an asymmetrical reward schedule, a one-directionwhile the net visual response was not significantly different between rewarded version of a memory-guided saccade task (1DR) (Figure the two conditions. (4) Gain and bias type: both the base activity 1). A trial started with the onset of a central fixation point which the and the net visual response were significantly larger in the RFmonkey had to fixate. A cue stimulus, a small red spot of light, came rewarded condition than in the nonRF-rewarded condition. All these on 1 s after fixation onset for 100 ms. The monkey had to keep comparisons were statistically tested by Mann-Whitney U test (p Ͻ fixation and remember the cued location. The fixation point turned 0.01). off after 1-1.5 s, and the monkey had to make a saccade to the cued For each neuron, we also determined the presence of saccadic location. The correct saccade was indicated by a tone stimulus. The activity by comparing the firing rate in a presaccadic period (duracue stimulus was presented at one out of two possible locations: tion: 50 ms, before saccade onset) between RF-cued trials and one was located in the response field (RF) of the recorded neuron; nonRF-cued trials (Mann-Whitney U test, p Ͻ 0.01). To examine if the other was located outside the RF in the mirror-symmetric posithe presaccadic activity was preceded by prelude or buildup activity, tion relative to the fixation point (Figure 1, bottom) . The cue location we calculated the discharge rate in the window (200-100 ms before was chosen pseudorandomly across trials such that every subblock saccade onset). of four trials contained two trials for each of the two locations randomly.
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